Biodegradative arginine decarboxylase is inducible by acid and is derepressed in an hns mutant. Several plasmids from an Escherichia coli library that could complement the hns phenotype were characterized and placed into groups. One group includes plasmids that contain the hns gene and are considered true complements. Another group was found to carry the hfq gene, which encodes the host factor HF-1 for bacteriophage Q replication. Plasmids of the third group contain inserts that mapped at 60.2 min on the E. coli chromosome. We identified an open reading frame (stpA) with a deduced amino acid sequence showing more than 60%6 identity with the sequences of H-NS proteins from several species as being responsible for the hns complementing phenotype of the third group.
hns complementing phenotype of the third group.
In prokaryotic organisms, several proteins sharing the characteristics of being abundant, small, basic, and binding DNA nonspecifically have been found to be associated with the nucleoid and been named histone-like proteins after the eukaryotic histones (26) . These include HU, H-NS (H1 or Hla), integration host factor, and Fis. Among them, H-NS is relatively neutral and functions as a homodimer. It is encoded by hns at 27 min on the Escherichia coli chromosome, has 136 amino acid residues with an apparent molecular mass of 16 kDa (23, 28) , and can affect DNA supercoiling (7, 13, 19) . H-NS binds double-stranded DNA nonspecifically but seems to prefer curved DNA structures (22, 35) . It exerts transcriptional repression on its own expression (8, 35) , an effect antagonized by Fis, another histone-like protein (8) . The general importance of H-NS in the regulation of gene expression is demonstrated by the fact that the expression patterns of a number of otherwise unrelated genes are affected in hns mutant strains (3, 11, 12, 19, 27, 32) . Among the genes affected by hns mutation are adi and cadA, the structural genes for the acid-induced biodegradative arginine and lysine decarboxylases, respectively (21, 27, 29) . In this report, we describe the characterization of several plasmids that complement the effect of an hns mutation on adi gene expression.
Complementation of an hns mutant phenotype by plasmids carrying genes other than hns. It had been previously described that mutations in hns, the structural gene for an E. coli histone-like protein, H-NS, can cause derepressed expression of the acid-induced arginine decarboxylase gene (adi) at a noninducing pH (pH 8.0) (27) . A series of plasmids that could complement the derepressing effect of hns mutations on adi expression were isolated from an E. coli plasmid library as described previously (27) . Strains and plasmids used in this study are described in Table 1 . Most of the plasmids contained a functional hns gene (27) , but others did not, indicating that these plasmids could complement the hns phenotype by providing the mutant cells with some product other than H-NS. Among the latter are plasmids that were isolated by their ability to complement mutant GNB725 (adi::lac hns-25::TnS), namely, p25T1, p25T33, p25T56, p25T91, p25T95, and p25T129. Restriction enzyme mapping identified them as four different plasmids (Fig. 1) . Their hns-complementing phenotypes were demonstrated by their abilities to lower the derepressed P-galactosidase synthesis in adi::lac hns strains ( Table  2 ). The P-galactosidase values of cultures grown at pH 8.0 are reduced 4-to 15-fold. A wild-type hns gene, on the other hand, could reduce the P-galactosidase production of adi::lac hns strains 20-to 40-fold at pH 8.0 and 3-to 50-fold at pH 5.5 (27) .
On the basis of the restriction map alignments and hybridization experiments using probes derived from the plasmid segments shown in Fig. 1 , these p25T plasmids could be placed into three groups: p25T33, which mapped to 73.8 to 73.9 min on the E. coli chromosome; p25T91, which mapped to 60.2 to 60.3 min and contains stpA; and p25T1 and p25T56, which mapped to 94.8 to 94.9 min and contain the gene hfq (Fig. 1) .
Characterization of hfq as the hns-complementing gene on plasmids p25T1 and p25T56. Plaque-lift screening of the miniset E. coli library (18) , using nick-translated p25T56 DNA as a probe, showed a positive signal at phage 3A1 (serial no. 652). Southern hybridization experiments on restriction enzyme-digested DNAs from phage 3A1 and plasmids p25T1 and p25T56 showed that they carry a common DNA segment. Thus, the inserts on plasmids p25T1 and p25T56 mapped to the phage clone 3A1 which is located at 94.6 to 94.95 min on the E. coli chromosome.
Self-ligation of the larger PvuII fragment of p25Tl resulted in a derivative, p25T1BV, which retained the phenotypic activity of p25Tl when assayed in different host strains (Table  3) . Since p25Tl and p25T56 have similar phenotypes (Fig. 1) , we assumed that the phenotype of p25T56 is also caused by the -1.3-kb BamHI-PvuII fragment of the insert.
Examination of the restriction map of phage 3A1 and its alignment on the E. coli chromosome showed that the BamHIPvuII fragment mapped near 94.8 min on the chromosome. The DNA sequences of two adjacent genes had been reported in this region: miaA (5) and hfq (16 Fig. 2 . The fact that plasmids pXSK3 fragment (740 bp) was observed, and the PCR fragment and pXSK12 retained the hns-complementing phenotype of amplified from MC4100 chromosomal DNA was cloned into wild-type hfq and that plasmid pXS16 (a foreign protein the SmaI site on the phagemid pEMBL8+ (6), resulting in the fusion) lost the hns-complementation phenotype indicates that plasmid pPcrQ. When transformed into the adi::lac fusion the C-terminal 26 amino acid residues of HF-1 (the product of strains, pPcrQ demonstrated the phenotype of plasmids p25T1 the hfq gene) are dispensable for the hns-complementation and p25T56 (Table 3) .
function, but the formation of certain foreign peptide fusions We further confirmed that hfq was indeed the gene responin the C-terminal region can interfere with HF-i's normal sible for the observed hns-complementing phenotype. Plasmid function. A Maxicell experiment (25) was conducted to detect p25TiBV was digested with KpnI, a unique restriction enzyme the protein products encoded by the three plasmids (data not site within the hfq structural gene. DNA encoding a type II shown). The observed sizes of the mutant HF-1 proteins from dihydrofolate reductase specifying trimethoprim resistance pXSK3 and pXSK12 were as predicted from the sequence data from pMT100 (31) was inserted to yield plasmid pX516 (Apr shown in Fig. 2 . Plasmid pXS16 produced a minor band of -I0 Tpr). Plasmids pXSK3 and pXSK12 (Apr Tps) were formed kDa and a major product of smaller size, indicating that the from religation without the Tpr fragment and retained the hnspeptide might be unstable. complementary phenotype, while pXS16 lost this property The hns-complementing phenotype of HF-1 seems to be a GNB723, GNB725, and GNB729 are hns mutants of GNB7145K. GNB88 is an hns mutant of the cad::lac strain GNB8385K (27) . ,3-Galactosidase assays were performed as described previously (27) . The relative 0-galactosidase activities of repeated assays were within a standard deviation of 15%. specific to adi expression, since the hfq+-containing plasmids did not complement the effect of an hns mutation (derepression) on the expression of another acid-induced gene, cadA (Table 2) .
HF-1, encoded by hfq at 94.8 min on the E. coli chromosome, was originally identified as being required for the synthesis of minus-strand RNA complementary to phage Q, RNA (16) . HF-1 was found to be a small (11.6 kDa), basic (pI 7.91), heat-stable, abundant (30,000 to 60,000 molecules per cell), RNA-binding protein which is associated with ribosomes and functions as a hexamer (2, 16, 17) . When HF-1 protein was purified from Q,-infected E. coli cells, it was found to be contaminated with the histone-like protein H-NS throughout the purification procedures, until the two were separated by reverse-phase high-pressure liquid chromatography (16) . This has led to the suggestion that these two proteins might interact with each other. Another explanation for the copurification is that these two proteins have very similar physicochemical properties upon which the purification procedures are based. The possibility that these two proteins might interact with each other suggests a possible means for the functional complementation we observed. In our study, we found that overproduction of HF-1 from an hfq gene on a multicopy plasmid could counteract the effect of hns mutations (hns-25, hns-23, and hns-29 alleles) on the expression of the biodegradative arginine decarboxylase gene, adi. This function of HF-1 might or might not need interaction with H-NS, since our hns alleles could still produce truncated or hybrid H-NS proteins. This has previously been reported with other hns::Tn derivatives (14) .
Recently, an hfq defective mutant was constructed by transposon insertion at the promoter-proximal end of the structural gene (hfql::fQ), and it was shown to have pleiotropic effects on cell physiology (33) . The hfql::Qi mutant exhibited defects in cell growth, osmosensitivity, cell shape and size, sensitivity to UV light, and plasmid supercoiling. In addition, this hfq mutant allele affected the osmosensitivity phenotype of the osmZ205::TnlO allele of hns and the expression of the cryptic operon bgl, and it counteracted the effect of an hns-37::TnlO allele on bgl expression. Another insertional mutant, hfq2::fl, however, displayed a phenotype similar to the wild type (33) .
The transposon in the hfq2::Ql mutant was inserted at the KpnI site within the hfq gene, a mutation which was considered to be a promoter-distal disruption of hfq that did not cause loss of function. The near-wild-type phenotype of the hfq2::fl strain is consistent with the results of our attempts to disrupt the plasmid-borne hfq gene at the KpnI site.
When either of two hfq insertional mutations, the promoterproximal hfql::fQ from strain TX2822 or the promoter-distal hfq2::fl from TX2761 (33), was introduced into an adi::lac fusion strain, no effect on the ,3-galactosidase activity, i.e., on adi gene expression, was observed in exponential-phase cultures. This suggests that under normal physiological conditions (in an hns+ background and when HF-1 is produced from the chromosomal copy of the hfq gene), HF-1 is not involved in adi gene regulation.
Characterization of stpA as the hns-complementing gene on plasmid p25T91. The introduction of plasmid p25T91 into GNB7145K hns strains caused a 10-fold reduction in the production of P-galactosidase from cultures grown at pH 8.0 (Table 2 ). In this case the plasmid, and others bearing stpA, also reduced expression of the cad operon in strains containing hns mutations (Table 2) , although not as efficiently as plasmids bearing hns (27) . When 32P-labeled p25T91 DNA was used to probe a Gene Mapping Membrane (Takara Shuzo Co., Ltd.) containing the miniset recombinant X phage library of E. coli originally established by Kohara et (Fig. 3) , and two open reading frames were found.
A homology search with the two deduced peptide sequences was conducted. No significant match was found for the 105-residue peptide (YgaC). The 134-residue peptide was found to have high (>65%) similarity with H-NS proteins from several organisms, and the identity was about 60%. As an example, the homology between this peptide sequence and the H-NS protein sequence of E. coli is shown in Fig. 4 . A region of >900 bp including this coding region was previously sequenced by Zhang and Belfort, and they named this gene stpA (36) . However, no functional characterization of this region was reported.
In order to characterize stpA, a primer extension experiment was carried out to determine the 5' end of the transcript. The stpA transcript begins at the A at position 1588 (+1 in Fig. 3 ). In support of this, comparison of the upstream stpA sequence with the consensus E. coli promoter sequences using the program MacTargsearch (10) revealed a promoter site at an appropriate distance from +1 (-10 and -35 in Fig. 3) . Also, 12 nucleotides downstream of the termination codon, there is a palindromic structure indicative of a weak transcription terminator (arrows in Fig. 3) .
A PCR experiment was conducted to show that stpA is the gene responsible for the observed hns-complementing phenotype of p25T91 and pK20T141. A 720-bp fragment was amplified from purified MC4100 chromosomal DNA by using a 5' a The plasmids were transformed into either host strain. The transformants were then assayed for f-galactosidase production expressed from the lac fusion as described elsewhere (27 (Fig. 3) , and the fragment was cloned into the SmaI site of phagemid pEMBL8' (6) to produce a PCR clone, pStpA. 13-Galactosidase assays of pStpA transformants showed that this plasmid retained the hnscomplementary phenotype of the two larger plasmids p25T91 and pK20T141 (Table 4) .
We further showed that stpA codes for a protein in a Maxicell experiment (25) (data not shown). Major products were observed for the 31-kDa P-lactamase, the 15.2-kDa StpA protein product from pStpA or pK2OT141, and a 12-and a 16-kDa (StpA') peptides encoded by p25T91. Sequencing and Maxicell experiments indicated that p25T91 produced a protein, StpA', which is 10 amino acids longer than StpA, because of the absence of the normal termination codon, but apparently this did not affect its ability to complement the effect of an hns mutation on adi expression. The intensity of the StpA protein band relative to that of the ,B-lactamase band on the gel from Maxicell analysis suggests that StpA is probably expressed at a substantial level in the cell, likely because of the high activity of the stpA promoter. Since stpA has an appropriate transcription signal, produces a detectable transcript and protein product, and is associated with a detectable phenotype, we conclude that stpA is a functional gene coding for an H-NS-like protein in E. coli K-12.
The other 12-kDa peptide produced from p25T91, YgaC, designated according to convention (24) , is very likely encoded byygaC, which codes for a peptide of 105 amino acid residues with a deduced molecular mass of 12.1 kDa.
StpA has a net charge of + 1 and is basic (pI -9); thus, it seems to fit the definition of a histone-like protein. It is widely accepted that H-NS is identical to Hla, the most basic of the transformed into the indicated host strains, and ,B-galactosidase production of the adi::lac fusion strains was assayed as described elsewhere (27) .
b The data are averages and standard deviations for at least three independent assays.
C adi::lac. (1, 21, 29) , H-NS (27) , and integration host factor (30) , are all able to influence DNA topology (9, 12, 15, 33) . The Gene stpA resembles the histone-like protein gene family, and its protein product could hinder the formation of the transcriptional initiation complex at the adi promoter, either through direct interference by binding DNA or indirectly through effects on local DNA supercoiling. The ability of stpA to function in complementing the phenotypes of hns mutants in expression of the cad operon distinguishes it from hfq (which does not) and further suggests that StpA may act in a fashion similar to that of H-NS.
Nucleotide sequence accession number. The nucleotide sequence shown in Fig. 3 has been submitted to the GenBank database under accession number U07823.
